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A three-dimensional (3D) structure comprising precisely deﬁned micro-architecture and surface micro-
textures, designed to present speciﬁc physical cues to cells and tissues, may provide an efﬁcient scaffold
in a variety of tissue engineering and regenerative medicine applications. We report a fabrication
technique based on microfabrication and soft lithography that permits for the development of 3D
scaffolds with both precisely engineered architecture and tailored surface topography. The scaffold
fabrication technique consists of three key steps starting with microfabrication of a mold using an epoxy-
based photoresist (SU-8), followed by dual-sided molding of a single layer of polydimethylsiloxane
(PDMS) using a mechanical jig for precise motion control; and ﬁnally, alignment, stacking, and adhesion
of multiple PDMS layers to achieve a 3D structure. This technique was used to produce 3D Texture and 3D
Smooth PDMS scaffolds, where the surface topography comprised 10 mm diameter/height posts and
smooth surfaces, respectively. The potential utility of the 3D microfabricated scaffolds, and the role of
surface topography, were subsequently investigated in vitro with a combined heterogeneous population
of adult human stem cells and their resultant progenitor cells, collectively termed connective tissue
progenitors (CTPs), under conditions promoting the osteoblastic phenotype. Examination of bone-
marrow derived CTPs cultured on the 3D Texture scaffold for 9 days revealed cell growth in three
dimensions and increased cell numbers compared to those on the 3D Smooth scaffold. Furthermore,
expression of alkaline phosphatase mRNAwas higher on the 3D Texture scaffold, while osteocalcin mRNA
expression was comparable for both types of scaffolds.
 2009 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
There is an increasing need to design and develop materials,
devices, and cell therapies that can repair human tissues and organs
[1]. To this end, both in vivo and in vitro approaches to control cell
growth and engineer functional tissues have recently been recog-
nized to offer tremendous potential [2]. Tissue engineering andring & Therapeutic Sciences,
om 203A, MC 2520, 1700 4th
1 415 514 9666; fax: þ1 415
Y-NC-ND license.regenerativemedicine applicationsare stronglydependentonhaving
a bioactive three-dimensional (3D) scaffold that deliberately recruits,
speciﬁcally stimulates, and effectively guides cells to form tissues and
organs [3]. The importance of both the scaffold’s biochemical and
physical properties has been recognized, and the aim has been to
tailor them to elicit speciﬁc biological responses [3,4]. Nonetheless,
one of the major difﬁculties in achieving functional engineered
tissues has been, and still is, the successful generation of reproducible
scaffoldswith speciﬁc and desired properties that are able to recreate
and control the complex cellular microenvironment [3,4].
Physical characteristics of the scaffold, deﬁned by the micro-
architecture (porosity, pore geometry, interconnectivity) and the
surface micro-textures (surface topography), are known to exten-
sively inﬂuence cell function [5] and play a crucial role in tissue
regeneration [6–8]. The scaffold micro-architecture signiﬁcantly
affects the development and functionof speciﬁc tissues, by providing
A. Mata et al. / Biomaterials 30 (2009) 4610–4617 4611a 3D space that determines the spatial organization and nutritional
conditions of cells [7,9]. For many tissues, an ideal scaffold micro-
architecture should be highly porous [9] with interconnected pores
of deﬁned diameters (for example ofw200–900 mm in diameter in
the case of bone [10,11]) and exhibits high surface area-to-volume
ratio [9,12] to allow high rates of mass transfer [9], cell in-growth,
and vascularization [3,6,13]. Unfortunately, traditional scaffold
fabrication techniques like solvent casting and particulate leaching
are limited in their ability to provide well-controlled and repro-
ducible micro-architectures [3,14–16]. To overcome this limitation,
novel techniques such as fused deposition modeling, 3D printing,
micro-stereolithography, and microfabrication have been applied
towards the fabrication of scaffolds [6,14–22]. Although these tech-
niques have successfully produced scaffolds with more precise
micro-architectures, they are limited in their ability to incorporate
precise surfacemicro-textures [22], which are known to signiﬁcantly
affect cell behavior [23–25].
Microfabrication and related MEMS (microelectromechanical
systems) production techniques such as soft lithography [26] offer
the precision and reproducibility to produce pre-deﬁned surface
micro-textures that can systematically interact with cells and
tissues [24,27]. The inherent precision of microfabrication allows
small geometrical modiﬁcations of the surface features to better
identify and quantify speciﬁc effects on cell behavior such as
attachment, orientation, migration, proliferation, protein produc-
tion, and differentiation on a variety of cells [24–31]. Control and
reproducibility of this topographically based cell stimulation may
be used therapeutically to elicit desired biological responses. We
have previously reported on the effects of various micro-textures
on Connective Tissue Progenitors (CTPs) [29,30,32]. These primary
cells denote a combined heterogeneous population of stem cells
and progenitor cells that are resident in native tissue, and capable
of proliferating and differentiating into connective tissue pheno-
types [33–35]. In particular, our investigations showed that 10 mm
diameter/height posts patterned on two-dimensional (2D) Poly-
dimethylsiloxane (PDMS) substrates selectively enhanced in vitro
CTP (and their progeny) growth relative to smooth PDMS surfaces,
under identical culture conditions promoting osteoblastic pheno-
type [30,32]. However, the practicality of this approach to engineer
3D tissues would require the incorporation of such topographical
features within a 3D scaffold.Fig. 1. Fabrication of 3D PDMS scaffolds. The ﬁrst step is the processing of multilevel SU-8
patterning of a 10 mm thick layer of SU-8 2010 (A2), and patterning of a 100 mm thick layer of
to dissolve the un-exposed regions (A4). The second step consists of dual-sided molding
squeezing and molding PDMS (B1); and the cured PDMS layer released from the molds (B2).
of a PDMS layer over a 10 mm thick uncured PDMS ﬁlm (adhesive) to wet the tips of the 200
pore geometry (C2). Curing of the adhesive PDMS resulted in adhesion of all the PDMS lay
diameter and 10 mm high posts.The use of microfabrication techniques to develop 3D micro-
architectures with surfaces that include bioactive micro-textures is
hindered by the inherent 2D fabrication characteristics of tradi-
tional photolithography-based processes [3,26]. Consequently, we
have developed a novel 3D production technique that combines
microfabrication and soft lithography to construct 3D scaffolds
with precise pore geometry, porosity, and surface topography that
are designed to guide and selectively stimulate cells and tissues
with potential use in both tissue engineering and regenerative
medicine. This strategy aims to create highly biomimetic and
bioactive microenvironments through modulation of the physical
properties (pore geometry, porosity, and surface topography) of the
scaffold. While this fabrication technique can be used to develop
scaffolds for the growth of a variety of cells and tissues, here we
describe the fabrication of 3D scaffolds and their effect on the in
vitro behavior of human CTPs (and their progeny) cultured under
conditions promoting osteoblastic phenotype.
2. Materials and methods
2.1. 3D scaffold fabrication
The 3D scaffolds were produced through an innovative technique that combined
microfabrication and soft lithography, and consisted of the dual-sided molding and
stacking of PDMS layers (Fig. 1) [36]. The unique feature of the current scaffold
fabrication technique is that it allows for the construction of pre-deﬁned and precise
micro-architectures and surface micro-textures. Although studies have revealed
bone tissue penetration in pore sizes from 200 to 900 mm in diameter, most bone in-
growth has been observed in pore diameters that are in the range of 300–500 mm
[11]. Therefore, we selected to fabricate scaffolds with 300 mmdiameter meandering
vertical pores and 200 mm 400 mm horizontal pores, which should enhance cell
penetration, and extracellular matrix production [6,11]. In addition, every horizontal
surface within the scaffold comprised 10 mm diameter and 10 mm high posts (with
10 mm separation) as this patternwas shown to enhance CTP growth in vitro [30,32].
2.1.1. Mold fabrication
First, a multilevel SU-8 photoresist (MicroChem Corp., Newton, MA) process was
developed to produce SU-8 molds incorporating holes and posts of various
dimensions [37]. SU-8 is a high contrast, negative, epoxy-based photoresist capable
of producing microstructures over a wide range of thicknesses [37]. Three layers of
SU-8 were processed on a standard 100 mm diameter, 500 mm thick, n-type (100)-
oriented silicon wafer as follows. A 200 mm thick ﬁlm of SU-8 2100 was spin coated,
soft baked in a C-005 convection oven (Lindberg/Blue M, Asheville, NC) (95 C,
55 min), exposed (365 nm, 375 mJ/cm2), and post exposure baked (95 C, 25 min). A
10 mm thick ﬁlm of SU-8 2010 was then spin coated, soft baked (95 C, 5 min),
exposed (100 mJ/cm2), and post exposure baked (95 C, 5 min). Next, a 100 mm thickmolds starting with patterning of a 200 mm thick layer of SU-8 2100 (A1) followed by
SU-8 2100 (A3). All three layers were developed at the same time with SU-8 Developer
of PDMS. Images illustrate the two aligned molds in contact with each other while
The third step in the fabrication is stacking of the PDMS layers. Images depict stamping
mm diameter columns (C1); and subsequent stacking of layers to achieve a meandering
ers to realize a 3D scaffold with 66% porosity and 71% of surfaces covered with 10 mm
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using the same process parameters as the ﬁrst ﬁlm. Finally, all three SU-8 layers
were simultaneously developed in SU-8 Developer (MicroChem Corp.) (25 C,
50 min) using agitation, to realize a multilevel SU-8 mold with 200, 10, and 100 mm
high features (Fig. 1A).
A second mold was fabricated out of PDMS by spin coating a 10 mm thick ﬁlm of
SU-8 2010 on a standard 100 mm diameter, 500 mm thick, n-type (100)-oriented
siliconwafer using the same protocol as the one used for the previousmold. The SU-8
was then developed in SU-8 Developer with agitation for 12 min to realize a surface
with 10 mm diameter post micro-textures. Finally, this SU-8 micro-textured surface
was used to cast and produce the PDMSmold comprising 10 mmdiameter and 10 mm
deep holes using a method previously described [29]. This secondmold wasmade of
PDMS because its transparency and ﬂexibility facilitate alignment and subsequent
separation of the two molds during dual-sided molding of the ﬁnal PDMS layer.
2.1.2. Dual-sided molding
PDMS was mixed as previously described [29,31], poured on top of both molds,
distributed to cover all the patterned areas of the molds, and degassed for 15 min.
Then, both molds were placed on a custommechanical jig, which allows horizontal,
vertical, and rotational motion control for alignment of the molds withinw10 mm
[36]. The twomolds were then aligned and brought into contact (with the patterned
sides facing each other) while squeezing down on the uncured PDMS. The jig was
subsequently placed inside an oven at 75 C for 2 h to cure the PDMS (Fig. 1B).
2.1.3. Stacking of PDMS layers
The patterned PDMS layer specimens were stacked using uncured PDMS as
adhesive. PDMS was prepared as explained above, poured to cover a smooth
100 mm diameter, 500 mm thick, n-type (100)-oriented silicon wafer, and spin
coated using a 400 Lite spinner (Laurell Technologies, North Wales, PA) at 4000
revolutions per minute (rpm) to achieve a w10 mm thick layer. The cured and
patterned specimens were stamped on top of the uncured PDMS, so that the tips of
the 200 mm columns were wetted with uncured PDMS. Then, the layers were
stacked one on top of the other after being aligned with the aid a standard light
microscope (Fig. 1C). The aligned and stacked PDMS layers were subsequently baked
at 95 C for 30 min to cure the PDMS (adhesive) and bond the PDMS layers. Lastly,
the 3D structures were cut using either a 1 cm diameter circular die to create
scaffolds for cell experiments (5 PDMS layers), or a blade to obtain samples for
scanning electron microscope (SEM) examination (5–12 PDMS layers).
2.2. CTPs on 3D scaffolds
2.2.1. 3D smooth control
In order to compare the effect of these scaffolds on CTP growth, another set of 3D
scaffolds was fabricated with the same steps of mold fabrication, dual-sided
molding, and stacking of PDMS layers, with the exception of the 10 mm micro-
textures (3D Smooth). This process created 3D scaffolds with exactly the same
micro-architecture, but with smooth surfaces instead of micro-textured surfaces.
2.2.2. CTP preparation
Bone-marrow aspirates were harvested with informed consent from 3 patients
immediately prior to elective orthopaedic procedures [33,34]. Brieﬂy, a 2 ml sample
of bone marrow was aspirated from the anterior iliac crest into 1 ml of saline con-
taining 1000 units of heparin (Vector Labs, Burlingame, CA). The heparinized
marrow sample was suspended into 20 ml of Heparinized Carrier Media (alpha-
MEMþ 2 units/ml Na-heparin; Gibco, Grand Island, NY) and centrifuged at
1500 rpm for 10 min. The buffy coat was removed and resuspended in 20 ml of 0.3%
BSA-MEM (Gibco) for subsequent inoculation of the cells on the scaffolds.
2.2.3. 3D scaffold set up and cell inoculation
The 3D Texture and 3D Smooth scaffolds were sterilized for 30 min with 70%
ethanol (Aaper Alcohol and Chemical Co.), followed by a triple rinse with phosphate
buffered saline (PBS) (Mediatech, Inc. Herndon, VA). Each scaffold was then placed
inside of a 10 ml syringe for loading of the cells. Prior to cell inoculation, the cells
were diluted in 2.5 ml of a-MEM media (Gibco) with 10% Fetal Bovine Serum (FBS)
(Whittaker, Walkersville, MD) plus Dexamethasone (Sigma–Aldrich) [29,30],
counted using a hemocytometer, and loaded in a syringe. The syringe was placed on
aNE-500 syringe pump (New Era Pump Systems,Wantagh, NY), which was operated
to pass the 2.5 ml of media containing cells at 1.5 ml/min trough the scaffolds. The
efﬂuent media and cells were collected and counted to determine the cell-loading
efﬁciency into each scaffold. All scaffolds used to compare cell growth between 3D
Texture and 3D Smooth were loaded in this manner. The experiment was repeated
three times, using CTPs corresponding to the 3 human donors.
A separate cell culture was set up in order to determine whether cells were able
to migrate in a vertical upward direction within the 3D Texture scaffolds. The
objective of this particular experiment was not to compare cell growth character-
istics on the different scaffolds, but rather to establish whether the CTPs would
successfully migrate upwards on the scaffolds. Cells from the same population as
those inoculated into the scaffolds were cultured in a glass tissue culture dish (Lab-
Tek, Nalge Nunc Int., Naperville, IL). On Day 9, a 3D Texture scaffold was placed ontop of the live cells with the 200 mm columns facing down, so that the tips of these
columns were in contact with the cells in culture. This set up was then cultured for
another 4 days to investigate whether cells migrated up from the surface of the
tissue culture dish into the scaffold.
2.2.4. Cell culture and analysis
After 9 days in culture, cells were stained with 6-diamidino-2-phenylindole
dihydrochloride hydrate (DAPI) (Vector Labs) for nuclear ﬂuorescence [29,30]. Other
cell-loaded scaffolds were ﬁxed with 2% paraformaldehyde (Electron Microscopy
Sciences, Washington, PA) for 10 min, permeabilized for 10 min with 0.2% Triton
X-100 (Lab Chem Inc., Pittsburgh, PA). Cells were then stained with Rhodamine
Phalloidin (Sigma, St. Louis, MO) at 1:50 in PBS for 45 min at 25 C for viewing the
cytoskeletal actin.
Cell growth was characterized by quantifying the number of CTP progeny per
colony in order to investigate proliferation characteristics on the different scaffold
surfaces, and account for possible differences in cell-loading efﬁciency. An epi-
ﬂuorescence microscope (Olympus BX50F, Olympus Optical Co.) and confocal
microscope (Leica TCS-SP Laser Scanning Confocal Microscope, Heidelberg,
Germany) were used to determine the colonies and count the cell number per
colony. The cells were counted by taking advantage of the transparency of the PDMS
layers and the orthogonality of the micro-architecture (horizontal and vertical
walls), which facilitated quantiﬁcation by focusing the microscopes at different
depths of the colonies and counting the cells on the various scaffold levels.
In order to conﬁrm the scaffold effects on cell proliferation, the number of cells
per scaffold was measured via DNA quantiﬁcation. CTP-seeded scaffolds were
resuspended with a 50 ml of lysis buffer (Sigma–Aldrich) to lyse the membrane of
adherent CTP progeny. Stock PicoGreen reagent was diluted 1:200 in TE buffer
(Molecular Probes, Eugene, OR) and 1 ml of that was added to each DNA containing
sample. The ﬂuorescence was measured with the SpectraMax Gemini ﬂuorescence
microplate reader (Molecular Devices Co.; Sunnyvale, CA) at excitation and emission
wavelengths of 480 and 520 nm, respectively. Using this analysis, we determined
w4.5 mg of DNA in 1106 adherent CTPs. Thus, we estimated the number of cells for
each sample by assuming that 4.5 pg of DNA represents one cell.
Expression of osteoblast speciﬁc genes, such as alkaline phosphatase (AP) and
osteocalcin (OC) were detected by Reverse Transcription-Polymer Chain Reaction
(RT-PCR). Total cellular RNAwas isolatedwith RNAeasy kit (Qiagen Inc., Valencia, CA)
and reverse transcribed by conventional protocols with a Sensiscript Reverse
Transcription kit (Qiagen Inc). cDNA was then utilized in the PCR kit (USB Co.,
Cleveland, OH). PCR was used to determine the gene expression of AP, OC, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). PCR was conducted using an
Eppendorf Mastercycler (Eppendorf Co., Westbury, NY). Samples were run on 1.5%
agarose gels and photographs were taken with a digital camera. To quantify the
mRNA expressions, Gel-Pro Analyzer (Version 3.1; Media Cybernetics, Silver Spring,
MD) softwarewas utilized tomeasure gel band intensities. Relative gene expressions
of AP and OC were calculated by dividing band intensities by GAPDH band intensity
to obtain numerical results.
2.3. Statistical analysis
The mean and standard deviation values of the experimental data were calcu-
lated. All data were subjected to analysis of variance (ANOVA) testing where
appropriate (SPSS Inc., Chicago, IL). Signiﬁcance levels were set at the 95% conﬁ-
dence interval (p< 0.05).
3. Results
3.1. Scaffold fabrication
SEM examinations revealed that the three-level SU-8 molds had
the desired geometrical dimensions of 200 mm diameter and
200 mm deep holes, 300 mm diameter and 100 mm high columns,
and 10 mm diameter and 10 mm deep holes (Fig. 2A). This mold
fabrication technique is advantageous because it combines the
precision of microfabrication with the complexity and three-
dimensionality of multiple SU-8 layering, while using a single
developing step. This approach allowed the fabrication of up to six
SU-8 levels [37], while reducing overall processing time and
avoiding processing complications of coating over patterned
surfaces, which would hinder exposure uniformity, feature reso-
lution, and alignment during the dual-sided molding of the PDMS.
SEM observations also revealed PDMS layers ranging between
80 and 120 mm thick, with 300 mm diameter through holes, 10 mm
posts on one side of the layer (from the PDMS mold), and 200 mm
columns along with 10 mm posts on the other side (from the
Fig. 2. SEM images show (A) the resulting SU-8 mold with a cross-section (inset), and (B) the dual-sided molded PDMS layer with 300 mm diameter and 100 mm deep through holes,
200 mm diameter and 200 mm high columns, and 10 mm diameter and 10 mm high posts on both sides of the layer (inset). SEM images exemplify (C) a ﬁve-layer PDMS scaffold on
a penny, (D) a closer view of the cross-section showing the alignment between adjacent layers that resulted in a meandering pore geometry, and (E) 10 mm diameter and 10 mm high
posts present on all horizontal surfaces. (F) Scaffold height was increased by adding more PDMS layers.
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mechanical jig signiﬁcantly enhanced the alignment of the two
molds used for dual-sided molding of the PDMS. In this step,
special care was given to ensuring uniform contact between the
two molds to avoid blocked through holes and non-uniform
thickness of the PDMS layers [36]. The resulting PDMS layers
exhibited a 20 mm variation from the desired 100 mm thick
PDMS layer.
Alignment of the PDMS layers was facilitated by the trans-
parency of the PDMS, where the 300 mm diameter through holes
and 200 mm diameter columns served as alignment marks during
the stacking step with a resulting alignment accuracy of 30 mm
between the stacked PDMS layers. Stamping uncured PDMS onto
the 200 mm columns as adhesive was a convenient way to attach
the different layers. However, care was necessary to assure
a uniform stamping/wetting of the tips of these columns, as well as
subsequent contact between PDMS layers during stacking. If the
200 mm diameter columns of the PDMS layers were brought into
contact unevenly with the uncured PDMS (adhesive), over-wetting
of some columns would result, which, in turn, could lead to
destruction of nearby micro-textures [36].Fig. 2C–E presents a 5 layer 3D Texture scaffold, which exhibits
66% porosity by volumewith 300 mmdiametermeandering vertical
pores, 200 mm 400 mm horizontal pores, and 71% of the surfaces
within the scaffold covered with 10 mm diameter and 10 mm high
posts. The height (three-dimensionality) of the resulting 3D scaf-
folds can be increased by simply stacking more PDMS layers
(Fig. 2F).
3.2. CTPs within the 3D scaffolds
The effect of the 10 mm diameter and 10 mm high posts, with
10 mm separation, on CTP behavior was investigated by culturing
CTPs on the 3D Texture and 3D Smooth scaffolds. Cells attached,
migrated, proliferated, and differentiated in all three dimensions on
the different features of the micro-architecture within the scaffolds.
CTP colonies were visible on different levels of both 3D Texture and
3D Smooth scaffolds, with cells growing from the top surface down
to 4 PDMS layers deep per colony (Fig. 3). These observations suggest
that in the vertical direction, cells proliferated andmigrated to cover
distances of up to w1.2 mm long, while some colonies reached
diameters of w3.0 mm long in the horizontal direction. Cells were
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growing from the surface of the tissue culture dish into the 3D
Texture scaffold. Cells in different colonies were visible growing on
the top and bottom of each PDMS layer, on the walls of the 300 mm
pores, and on the 200 mm columns linking the different PDMS layers
(Fig. 3). In addition, confocal microscope images exhibited a clear
actin cytoskeleton that appeared to grow within and around the
posts (Fig. 3F).Fig. 3. Immunoﬂuroscent microscope images depict (A) a side-view cross-section of
a 3D Texture scaffold with cells growing on 4 PDMS levels of the scaffold; a top-view of
cells growing on (B, C) 3D Texture scaffolds, which consistently showed bigger colonies
than cells on (D, E) 3D Smooth scaffolds; and (F) cells growing on a 3D Textures scaffold
exhibiting a well-deﬁned actin cytoskeleton located within and around the posts. Note:
the original color images were converted to grayscale and reversed to provide visual clarity.On the ﬁrst two experiments, cell-loading efﬁciency was similar
on both 3D Texture (47%, 80%) and 3D Smooth (60%, 74%) scaffolds
(Table 1). On the third experiment, 3D Texture (4%) had consider-
ably less number of cells attached to it compared to cells on 3D
Smooth (30%). We attributed this lower cell-loading efﬁciency on
3D Texture to mechanical shifting of the scaffold during cell
loading, and from air bubbles trapped within the scaffold that
blocked passing and subsequent loading of cells. Nevertheless, we
considered this experiment as part of our investigation since we are
not evaluating the loading capacity of the scaffolds, and the cell
quantiﬁcation is presented as cell number per colony, which should
account for differences in loading efﬁciency. The 3D Texture scaf-
folds consistently presented more cells per colony than 3D Smooth
(Fig. 4) for all three experiments. For the three experiments (cells
from three patients), the 3D Texture scaffolds exhibited 443, 645,
and 470 cells per colony, while the 3D Smooth scaffold exhibited
162, 194, and 203 cells per colony. The data from the three exper-
iments were pooled to account for the effects of known CFU vari-
ation [38]. Analysis of this collective data resulted in a mean cell
number per colony of 499 for 3D Texture compared to 188 cells per
colony on 3D Smooth, which represents a statistically signiﬁcant
difference (p< 0.05) between the two types of scaffolds. This
increasing cell number per colony is also supported by the DNA
quantiﬁcation analysis. In three experiments (cells from three
patients), 3D Texture scaffolds (mean cell number of 239,012)
supported a greater number of CTP progeny (p< 0.05) compared to
3D Smooth ones (mean cell number of 154,153). Expression of key
osteoblastic bonemarkers, such as AP and OC in the CTP progeny on
each scaffold was evaluated using RT-PCR (Fig. 5). AP mRNA
expression was signiﬁcantly higher (p¼ 0.002) on the 3D Texture
relative to 3D Smooth scaffolds. Similarly, OCmRNA expressionwas
also higher on 3D Texture scaffolds, but this difference was not
statistically signiﬁcant (p¼ 0.059).4. Discussion
The scaffold micro-architecture and surface micro-textures play
a key role in the development of speciﬁc biological functions [9,39].
Although it is inherently a 2D technique, microfabrication offers
a unique opportunity to precisely control the physical microenvi-
ronment of cells and tissues with high resolution and reproduc-
ibility. Taking advantage of these characteristics, several groups
have developed 3D scaffolds with precise micro-architecture
tailored to guide tissue growth in well-deﬁned conﬁgurations [18–
22,40]. Nonetheless, despite clear evidence that surface micro-
textures can modulate cell and tissue behavior [23–31], only
recently are groups attempting to incorporate precise and bioactive
surface topographies within the pores of precisely deﬁned 3D
micro-architectures for tissue engineering applications [22].
Therefore, the fabrication technique reported here presents
a unique approach to integrate well-deﬁned micro-architectures
with precise surface micro-textures engineered to speciﬁcally
guide the growth of different cells and tissues. The main advantageTable 1
Loading efﬁciency and colony number.
Scaffold Cell loading (%) Colony number
Exp 1 Texture 47 9
Smooth 60 9
Exp 2 Texture 80 5
Smooth 74 4
Exp 3 Texture 4 8
Smooth 30 14
Fig. 4. Graph summarizes the mean cell number/colony quantiﬁcation from all three experiments on both 3D Texture (top inset image) and 3D Smooth (bottom inset image)
scaffolds. Cells growing on 3D Texture scaffolds consistently formed bigger colonies than cells on the 3D Smooth scaffolds in all three experiments.
Fig. 5. Expression of the key osteoblastic bone markers, such as AP and OC, was assessed in the CTP progeny on each scaffold using RT-PCR. AP mRNA was expressed more strongly
on 3D Texture (p¼ 0.002) relative to 3D Smooth scaffolds. OC mRNA expression was also higher on 3D Texture, but not signiﬁcant (p¼ 0.059), compared to 3D Smooth scaffolds.
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with hierarchical geometrical resolution, starting from a few
microns to selectively interact with individual cells, up to hundreds
and thousands of microns to guide large groups of cells and tissues.
In this manner, it may be possible to promote particular biological
responses solely through selective physical stimuli and without
destabilizing the delicate biochemical environment. Furthermore,
the inherent precision and reproducibility of microfabrication
allows not only small geometrical modiﬁcations to better identify
and quantify speciﬁc effects on cell behavior, but also to optimize
these geometrical features to enhance and direct speciﬁc cell
behaviors and tissue growth, respectively. The fabrication method
presented here enables the incorporation of such topographical
patterns on well-deﬁned interconnected pores within 3D scaffolds.
Within the ﬁeld of tissue engineering, the need to treat and
increase the functionality and quality of life of an aging world
population demands novel and efﬁcient therapies to promote bone
regeneration [6]. Our approach, which is generic and can be used to
create tissue engineering scaffolds with potential use in a variety of
human tissues, was speciﬁcally tailored to evaluate its potential in
bone tissue engineering. The in vitro cell culture results reported
here support the hypothesis that 3D scaffolds can be fabricated with
precise micro-architecture and surface micro-textures designed to
stimulate CTPs. First, the scaffolds allowed attachment of CTPs
within the 3D space. Next, the 300 mmdiameter verticalmeandering
pores and 200 mm 400 mm horizontal pores enabled CTPs to grow
and migrate in three dimensions within the scaffold, which is
a critical step in bone cell survival and subsequent bone formation
[31]. Cells were observed to adhere initially in different locations
within the scaffold, as well as migrate and proliferate on both the
horizontal micro-textured surfaces and the vertical columns that
linked the different PDMS levels (Fig. 3A). This adhesion, migration,
and proliferation led to the formation of distinct 3D CTP colonies
that expanded both horizontally and vertically within the scaffold.
The observed 3D cell colonization and distribution within a scaffold
is a critical component for promoting key biological processes like
cell communication, vascularization, hydroxyapatite formation
[6,16], and the engineering of a functional bone tissue. Our fabrica-
tion approach permits the development of well-deﬁned pores of
speciﬁc size and shape within this 3D space, that is designed for
optimum bone tissue in-growth [10,11]. Finally, the 10 mm diameter
and 10 mm high posts signiﬁcantly enhanced the growth of CTPs
(without compromising their early differentiation process as
observed from the AP and OC mRNA expression) compared to
smooth surfaces, as had been previously reported for 2D substrates
in vitro [30]. Although CTP colonies were observed on both topo-
graphically patterned and non-topographically patterned 3D scaf-
folds, the micro-architecture and surface micro-textures of the 3D
Texture scaffold provided superior osteoconductive-like (migration
and proliferation) stimuli compared to the 3D Smooth scaffold.
However, these are preliminary results, which must be interpreted
with care, and although osteoblastic phenotype appears to be
enhanced, further experimentation is required to report more
conclusive results on the scaffold’s effect on cell differentiation.
Nonetheless, enhancement of CTP growth,within a 3D environment,
based solely on precise porosity and surface topographical features,
represents signiﬁcant improvement and potential for the engi-
neering of functional tissues like bone. This data proves the feasi-
bility of our 3D microfabrication approach and demonstrates the
possibility to control, guide, and enhance cell growth with such
physical stimulation.
In the 3D Texture scaffolds, the 10 mm diameter and 10 mm high
posts signiﬁcantly enhanced the proliferation of CTPs in both hori-
zontal and vertical directions. Colonies formed by these cells were
observed to expand up to four PDMS layers, demonstrating 3Dmigration and colonization as well as CTP interconnectivity
throughout the scaffold (Fig. 3A). Although CTP colonies expanded
throughdifferent PDMS layers, themajority of cellswere observed to
grow primarily on the surfaces where the post micro-textures were
available, which is consistent with previous data [32] that demon-
strates an afﬁnity of these cells to growwithin the posts. Therefore, it
would be advantageous to maximize the amount of surface area
covered by these posts within the scaffold. However, there are
several parameters that limit the amount of surface area available to
be patterned with the 10 mm posts. First, the scaffold fabrication
process does not readily allow for patterning on vertical surfaces.
Therefore, it may be desirable to minimize the amount of vertical
surface areawithin the scaffold. Second, there is a trade off between
increasing the amount of horizontal surface area covered in these
10 mm posts, and increasing the overall porosity of the scaffold. The
more horizontal area there is available to pattern, the lower the
overall scaffold porosity, which is another important parameter to
maximize. The 3D Texture scaffoldswere designed to have an overall
scaffold porosity of 66% (by volume), and the surface area covered
with 10 mm post textures at 71% (100% of horizontal surface area),
which could be easily modiﬁed by changing the sizes and shapes of
patterns on the photomasks used during themold fabrication step. It
is important to keep in mind that although this fabrication method
would allow us to further increase the current scaffold porosity,
there is a limitation to the overall porosity we can achieve due to
inherent fabrication andmaterial characteristics. However, based on
the current results, it is tempting to speculate that the ability to
control the surface topography and pore uniformity may be as (or
perhapsmore) efﬁcient in promoting cell and tissue growth than the
increased porosity offered by alternative fabrication techniques such
as solvent casting.AlthoughPDMShasbeenused inavariety of tissue
engineering applications [2–4,32] and has served as a model mate-
rial to demonstrate the feasibility of this fabrication technique, it
would be beneﬁcial to translate this fabrication technique to other
biodegradable materials. As a possible direction for future research,
we speculate that the fabrication processes reported here would
permit the use of alternative materials such as poly(glyecerol seba-
cate) [41], poly-caprolactone [42], and poly(lactic-co-glycolic acid)
[43], which have been topographically patterned in 2D using similar
processes. Nonetheless, the optimum conditions of porosity, pore
uniformity, surface topography, and material may depend on the
type of therapeutic application (for example in vitro or in vivo, types
of cells, etc.).
From the cell number per colony and DNA quantiﬁcation results,
the 3D Texture scaffolds signiﬁcantly enhanced CTP proliferation.
This increase in CTP proliferation did not result in a decrease in
osteoblastic differentiation as was evident from the mRNA
expression of AP and OC [44–46]. Moreover, AP mRNA expression
was signiﬁcantly stronger on 3D Texture compared to 3D Smooth
scaffolds. AP is an earlier marker of osteoblastic differentiation
while OC is a later one [46]. Therefore, the cells growing on 3D
Texture appear to exhibit an increase in early osteoblastic differ-
entiation, which is evident by a higher expression of the AP gene,
but not yet observable by OC gene expression. Obviously, more
experiments are needed to conclude a possible increase in CTP
differentiation. Nonetheless, these results demonstrate that the 3D
Texture scaffolds are likely enhancing CTP proliferation without
diminishing their osteoblastic differentiation.
5. Conclusions
The present study describes an innovative technique to fabricate
3D scaffolds with both precise micro-architecture and surface
micro-textures designed to osteoconductively direct CTPs. This
process allowed the fabrication of a 3D Texture scaffold with 66%
A. Mata et al. / Biomaterials 30 (2009) 4610–4617 4617porosity by volume that consisted of 300 mm diameter meandering
vertical pores, 200 mm 400 mm horizontal pores, and 71% of the
surfaces within the scaffold covered with 10 mm diameter and
10 mm high posts. The 3D scaffold allowed cells to attach, migrate,
and proliferate more osteogenically compared to those on scaffolds
with smooth surfaces. These results collectively support the
possibility of creating tissue engineering scaffolds capable of
inducing speciﬁc bioactive responses based on physical stimuli
provided by the micro-architecture and the surface micro-textures.
Furthermore, the fabrication technique easily permits modiﬁcation
of this micro-architecture and surface micro-textures to be opti-
mally designed for speciﬁc cells and tissues.
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